• The volume of alveolar gas which is in functional contact with perfusing capillaries in the lungs of a normal subject at an endtidal position should approximate the functional residual capacity less the airway dead space volume. In the subject with normally ventilated and perfused lungs an estimate of this gas volume can be obtained by gas dilution 1 ' 2 or by plethysmographic 3 methods. If significant portions of the thoracic gas volume exchange air slowly with the external environment, they will not be included in the gas dilution measurement, but will be included in the plethysmographic measurement. The difference in the gas volumes measured by these two methods provides an estimate of the fraction of thoracic gas volume which functionally does not exchange air with the external environment. Neither method allows an estimate of the fraction of lung gas which is in functional contact with perfusing lung capillaries, a requisite for gas exchange between the blood and air phases.
We have explored a means of measuring, from the capillary side of the alveolar-capillary membrane, the gas volume in the lungs which is in functional contact with perfusing pulmonary capillary blood. The gas volume estimated from this approach would be dependent upon capillary perfusion of alveoli, but not dependent on the adequacy of ventilation of that volume. Chinard in 1951 4 demonstrated that two indicators with different capacities for passing through capillary walls produce time-concentration curves of different shape after passage through a capillary bed. Since that time a variety of indicators and several methods of analysis of the differences in the dilution curves have been attempted. 5 ' 7 In this study albumin V", tritiated water, and a nonreactive gas, all in the same solution, were injected into the right atrium and sampled in a systemic artery after one passage through the pulmonary circulation. Consequently, all three indicators had a common blood flow, and differences in the shape of their downstream dilution curves were caused by the different volumes with which the three indicators mixed during their single passage through the pulmonary circulation. In the normal subject, albumin I iS1 is largely confined to the vascular compartment. Tritiated water mixes with an additional pericapillary water space. The gas mixing compartment includes the albumin I" 1 and tritiated water 276 RAMSEY, PUCKETT, JOSE, LACY space plus an additional gas volume which is available to the pulmonary capillaries for gas diffusion.
Within the theoretical limitations discussed, the approach provides a means of measuring the volume of lung gas in contact with per- Multiple syringe sample. Collects 15 fixed-volume blood samples at one-second intervals without exposing samples to air. It is driven by an electric motor which intermittently turns the upper disc containing Luerlok fittings for 5 ml syringes over a lower stationary disc having a single aperture located at the sampling position. A brass adapter on the cap of each syringe plunger interlocks with the sampling lever as the syringe moves into sampling position so that the upward movement of the sampling lever withdraws the syringe plunger and moves blood into the syringe. A solenoid switch activated by the gear mechanism of the sampler marks the midpoint time of each sample on the moving paper of a direct-writing recorder.
The Luer-lok fittings on the upper revolving disc and the dead space of each syringe are filled with heparin solution before tlie syringes are attached to the disc for sampling. Immediately after the samples are obtained each syringe is removed and capped with mercury in preparation for the analyses of its contents.
fusing capillaries and an extravascular tritiated water space in the lungs. Both of these volumes have been shown to vary in size with pathologic changes of the lungs in experimental animals and man.
Methods
Albumin I' 3 ', tritiated water, and gas (nitrous oxide or acetylene) in a solution of normal saline were prepared in a sterile syringe and transferred anaerobically to a fixed-volume injection syringe. This injectate contained approximately 10 fie of I 131 and 300 jic of tritiated water. The fluid was saturated with the gas.
Injections were made into the right atrium. In dogs, samples were collected each second from the aortic arch through a polyethylene catheter introduced through an internal carotid artery. In man, samples were collected each second from a femoral artery through a no. 16 indwelling arterial needle to which was attached a short piece of polyethylene tubing. All samples were obtained anaerobically by means of an automatic syringe sampler ( fig. 1 ). The polyethylene connecting catheter volume was 0.5 ml. The dead space of the syringes was 0.3 ml. The sampling rate of blood was 3.15 ml/sec. The volume of blood obtained in each syringe was 2.2 ml since 0.3 of each second was used to move the succeeding syringe into the sampling position. After the first sample the total dead space for collected samples was 0.3 ml.
The dilution curves were all obtained during a period of apnea. In the animals apnea was produced by prior hyperventilation with a Harvard pump. Following a period of voluntary hyperventilation, human subjects held their breath in the normal midposition while supine.
NITROUS OXIDE
One ml of whole blood was transferred anaerobically via a Van Slyke pipette to a volumetric Van Slyke extraction chamber, and the gases extracted and moved over mercury to the helium carrier gas stream of a Beckman CC-2 gas chromatograph as previously described. 8 An 18inch column of one-quarter-inch diameter containing nine inches of activated charcoal and nine inches of inert firebrick was used to separate nitrous oxide from the other blood gases. The column was operated at a temperature of 100°C and carrier gas flow of 80 ml/min. The gas sample was. passed through a preparatory column of anhydrous calcium sulfate maintained at room temperature to remove water vapor from the gases and thereby prolong the usefulness of the separation column. Gases eluting from the column were detected by thermal conductivity and re-corded on a moving strip chart. The amount of nitrous oxide present in each aliquot was determined by peak height or area measurement of the nitrous oxide component on the chart record.
ACETYLENE
When acetylene was used as the gas indicator, a 0.025 ml aliquot of each blood sample was injected through a silicone rubber port into a glass chamber containing a magnetic stirring bar and located in the carrier gas stream. A hydrogen flame ionization detector and a 6-inch silica gel column replaced the thermal conductivity detector and the charcoal column. Oxygen, nitrogen, carbon dioxide, and water vapor, having no carbon-hydrogen bonds, are not ionized by a hydrogen flame and only the acetylene in the sample was detected. The greater sensitivity of the hydrogen flame detection system as compared to the thermal conductivity detector, and the higher partition coefficient of acetylene between blood and gas phase, make acetylene the more desirable gas indicator for dilution curves in man.
ALBUMIN I ' " AND TRITIATED WATER
A 0.5 ml aliquot of the remaining portion of each sample was transferred to a 15 ml test tube and immediately capped. I 1 " activity in this aliquot of whole blood was determined in a Nuclear-Chicago model DS5 scintillation detector. The counting times were chosen to give less than 5% standard error. The injectate was diluted with whole blood to give counts in the 0.5 ml aliquots which approximated the highest sample counts.
After V S1 activity was determined, the same aliquot was prepared for tritiated water analysis by adding 10 ml of absolute alcohol, capping, shaking for three minutes, and centrifuging for 30 minutes at 3000 rev/min. Two ml of the alcohol-water supernatant was added to 10 ml of a scintillation mixture made of 4 g of 2,5-diphenyloxazolyl, 0.154 g of l,4-bis-2-(5-phenyloxazolyl) -benzene in 1 liter of toluene. This preparation was then counted in a Packard Tricarb model 314 spectrometer with a discriminator window setting of 10 to 40 and a voltage of 1240 at 2 to 3°C.
The analysis of tritiated water activity in these small samples of whole blood was made possible by the use of a relatively large amount of tritium label. Counting rates ranged from 1,000 to 50,000 counts/min above background counts of 2 to 50 counts/min. For this range of counts, standard curves prepared with known amounts of tritium in whole blood were linear up to 60,000 counts/ min. The error in counting was 3% on 8 replicate counts of 12 duplicate samples.
The presence of albumin I'*' in whole blood samples in the concentrations encountered in Circulation Retttrcb, Vol. XV. October 1964 these experiments did not alter tritium counts at the 10 to 40 window discriminator settings; this was due in part to the prior precipitation of albumin I 1 " by alcohol.
CALCULATIONS
The downstream time-concentration curve for each indicator was plotted on a log scale against a linear time scale with each individual concentration plotted as a ratio to the amount of that indicator injected. Each point on these plotted curves was thereby independent of the specific amount of the indicators injected and the three curves were directly related in magnitude.
From these plotted curves and the straight line extrapolation of the exponential descending limb, the total intravascular flow was calculated from the relationship: (1) where F = intravascular flow I = total amount of indicator injected
The volume into which the indicator was distributed between injection and sampling sites was determined separately for each of the three indicators by the mean transit time calculation:
where MTT = mean transit time C(t)tdt -sum of the products C (t) Xt the plotted curve.
The product of equations 1 and 2 is the mean transit time volume:
PERICAPILLARY DISTRIBUTION OF TRITIATED WATER
Using equation 3, V UTT was calculated for tritiated water (THO) and albumin I J3/ by inserting F and MTT for each indicator as obtained from their plotted dilution curves. The difference between these two volumes is a measure of the extravascular distribution volume of tritiated watCT.
(THO -ALB)-V UTT (TU 0)~ V " TT fAF.IttW
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The difference in distribution volumes of gas and tritiated water was determined using equation 3 and inserting F and MTT for each indicator as obtained from their plotted dilution curves.
Assuming equilibrium of the indicator gas between lung tissue and the lung gas phase, the volume of lung gas with which this equilibrium occurred was calculated from A V UTT _ TU0) -
The indicator gas in blood and lung tissue is in a liquid phase. The indicator gas in the alveoli is in a gas phase. At equilibrium the concentration of indicator in the phases will be different. This difference in concentration is determined by the solubility of the gas in question and is quantitatively expressed as its partition coefficient between the two phases. The partition coefficient between lung tissue and air used for nitrous oxide and acetylene was 0.407 and 0.768 respectively. 9 Since the indicator gas concentrations measured were in the liquid phase, A V iITT n> _ r7 was adjusted by multiplying its value by the partition coefficient for the gas. This product repre- Arotic arch dilution curves of albumin 1 1S1 , tritiated water, and nitrous oxide after simultaneous injection in right atrium. Indicators have traversed the pulmonary capillary circulation before being sampled. Differences in shape of the three dilution curves are caused by the different volumes into which each indicator is distributed during its transit from injection to sampling site. sents a volume of air in which the perfusing indicator gas was distributed.
Results
Control studies were performed to determine whether gas and tritiated water behave in circulating water and in animal circulatory systems in the same manner as albumin I 131 when they are not exposed to a capillary system. When the three indicators were injected and sampled in a closed mechanical model of the circulatory system dieir downstream dilution curves were virtually identical. The three dilution curves were likewise identical when the indicators were injected in dogs' left atria and sampled from their femoral arteries as shown in figure 2. It is con- eluded from these control studies that tritiated water, gas and albumin V" indicators behave in similar manner when they are not exposed to a capillary system.
When the three indicators were injected into the right atrium of dogs and sampled in the aortic arch after one passage through the pulmonary circulation, each of the indicators described a differently shaped dilution curve as illustrated in figure 3. Since the three indicators were injected and sampled simultaneously, the blood flow was identical for each of the indicators and the difference in shape is, therefore, the result of the different volumes into which each of the indicators mixed during their passage from injection site to sampling site. By inspection, it is apparent that the tritiated water mixed in a larger volume than the albumin I 1 ' 1 and that the gas mixed in a still larger volume. From the control experiments it can be concluded that both these extra volumes of distribution are extravascular and that they surround the pulmonary capillary blood since this was the only capillary bed traversed by the indicators.
To test the validity of extrapolating a logarithmic descending limb of the gas dilution curve a pump-oxygenator was utilized to provide an animal preparation in which no recirculation of the indicator could occur. Venous return to the heart was directed to a large reservoir and output of the pump-oxygenator directed into the pulmonary artery. The gas indicator was injected into the pulmonary artery and sampled in the aortic arch. Recirculating indicator was thus directed into the reservoir rather than returned to the pulmonary circulation as in the normal animal. Figure 4 shows the exponential decrease of gas concentration which occurs when no recirculation is present. Table 1 shows results from 20 normal dogs. Mean pericapillary distribution volume of tritiated water was 4.2 ± 0.8 ml/kg, and mean gas distribution volume was 24 ± 6 ml/kg. The coefficient of variation of the water distribution volume as determined by seven paired measurements in dogs was 6.8% and for the Circulation Rtsurcb, Vol. XV, Octoitr 1964 gas distribution volume was 7.7% in five paired determinations.
Pulmonary edema was produced in dog A-28 by maintaining right ventricular output at a slightly higher level than the animal's left ventricular output with a pump-oxygenator of the same type used to prevent recirculation of indicators to the lungs. The water distribution volume was four times the mean value for control animals and three times the values obtained in a control pump-oxygenator experiment in a dog (A-29) with open chest and expanded lungs.
Repeat determinations of gas distribution volume in two dogs before and after producing a unilateral pneumothorax and in one dog with both lungs partially collapsed resulted in a more than 50% decrease in the gas distribution volume.
The data obtained from the pump-oxygenator studies and the unilateral pneumothorax experiments are shown in table 2.
HUMAN SUBJECTS
Values obtained for pericapillary distribu- Arterial dilution curve of nitrous oxide when indicator recirculation was excluded. Recirculation was excluded by use of a pump-oxygenator right heart bypass. Without recirculation the descending slope of the dilution curve can be described by a straight line when concentration is plotted on a log scale. tion volume of tritiated water and gas distribution volume in human subjects are listed in table 3. The total water distribution volume has been related to the subject's height to provide a comparison between different subjects rather than the more commonly used index of body surface area to which the gas distribution volume has been related. Abnormal fluid accumulation results in an increase in calculated body surface area because of the accompanying increase in weight. Consequently, a real increase in pericapillary water in the lungs could be masked by the increase in calculated body surface area. The subject's height, however, will be unchanged by abnormal fluid retention. Human subjects were divided into three groups as shown in table 3. Group I subjects had no known cardiopulmonary disease although subject H-13 had moderate ascites and may well have had an abnormal extravascular fluid volume in the lungs and other capillary beds. The three subjects in Group II all had restrictive ventilatory insufficiency. The twelve subjects in Group III all had valvular heart disease of varying functional severity.
The change in gas distribution volume caused by breath holding with different degrees of alveolar distention is demonstrated in subject H-6. There was a measured increase in gas distribution volume of 800 ml when the subject held her breath in inspiration as compared to the measurement made with the lungs at the relaxed end-tidal position. These measurements were made with the subject connected to a nine-liter spirometer and the difference in total air volume in the lungs in the two breath holding positions was 850 ml as determined from the spirometer tracing. The mean value of the gas distribution volume in six normal human subjects was 3.11 ± 0.213 liters and 1.80 ± 0.28 liters/m 2 of body surface area. The mean predicted value 10 for functional residual capacity in these same subjects was 3.09 liters. Since functional residual capacity was not measured in these subjects one can only state that the order of magnitude of the two values is similar.
All three patients in Group II with restrictive ventilatory insufficiency had gas distribution volumes more than two standard deviations less than the smallest value encountered in normal subjects
The change in water distribution volume in patients with increasing severity of heart disease is summarized in figure 5 . The mean value of water distribution volume in eight normal subjects and three Class I patients was 1.1 ± 0.3 ml/cm height. It appears from the progressively higher values in Class II and Class III patients that water distribution volume increases with increasing severity of congestive heart failure. A 15% fall in water distribution volume following 4 days of treatment for congestive heart failure was demonstrated in subject H-20.
Discussion
The calculation of distribution volumes from indicator dilution curves depends upon Circulation Rtsetrcb, Vol. XV, Octoker 1964 the assumption that none of the indicator is lost between the site of injection and the site of sampling. The results summarized in figure  6 provide evidence that this assumption is valid for tritiated water as it passes through the pulmonary circulation. Thus the fraction of injected indicator reaching the sampling site is equal to the integral of its time concentration curve times the flow. The fact that the integral of the tritiated water curve is almost equal to that for albumin when flow is identical indicates that no appreciable tritiated water is lost from its distribution volume and it can be used for calculation of flow and volume in this portion of the circulation. Water distribution volume in congestive heart failure.
There is a progressive increase in the pericapUlary water distribution volume with increasing severity of symptoms of congestive heart failure. 
FIGURE 6
Comparison of dilution curve areas of simultaneous albumin I' 3 ' and tritiated water indicators. The observed identity of curve area of the two indicators (r = 0.986)* is confirmation of the expected identity of intravascular flow and evidence that none of the tritiated water indicator is lost from its eitravascular compartment.
* Pearson product-moment correlation coefficient.
Results summarized in figure 7 indicate that some of the indicator gases were lost between injection and sampling sites. The mean ratio of curve areas for tritiated water to nitrous oxide in animals was 0.80. The mean ratio of curve areas for tritiated water to acetylene in human subjects was 0.72. Since there is nearly a twofold difference in solubility of these two gas indicators, it appears unlikely that their different partition coefficients have a significant role in the gas loss. We do not know where or how the gas is lost. We suspect that it is lost from the gas phase space by diffusion into the larger conducting airways that are not perfused by pulmonary artery blood. Wherever it occurs, the loss of injected gas indicator prevents its use as a single indicator for measuring flow through Comparison of dilution curve areas of simultaneous tritiated water and gas indicators. The gas dilution curve area is consistently smaller than that of the tritiated water. Since ventilation was suspended during gas transit through the pulmonary circulation, the smaller gas curve area is attributed to a diffusion loss of gas through conducting airways of the lungs.
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the lung vessels. When the gas dilution curve is obtained at the same time as the tritiated water curve, so that its intravascular flow is identical to that of tritiated water, the necessary information is available to calculate the gas distribution volume with the assumption that tritiated water and gas have the same mixing characteristics up to the alveolar surface. While blood shunted past alveoli will alter this relationship, no attempt has been made to correct the calculated gas distribution volume for the error introduced by anatomic shunting of pulmonary artery blood flow.
The appearance of recirculation is more apparent in albumin I 131 than in gas or tritiated water curves due to their larger distribution volumes in systemic capillaries and recirculation through the lungs. However, the time of onset of recirculation must be identical for all three indicators as it is a function of blood flow. Errors in extrapolation of the descending slope of the gas and tritiated water curves are avoided by using the more apparent recirculation of albumin I"" as the time of onset of recirculation of the other indicators.
The apparent tritiated water space will be determined by the time blood remains in vessels permeable to tritiated water and the mixing rate of extravascular water and water in those vessels. Blood has been estimated to remain in lung capillaries in normal resting man for 0.5 to 1.0 second. 11 Pappenheimer 12 estimates that the diffusion of water back and forth through a capillary wall occurs at a rate which is 80 times the rate of plasma flow into the capillary. Weibel 1 " concludes from quantitative morphologic studies that the mean harmonic thickness of the alveolarcapillary diffusing membrane is 0.54 fi. If these estimates are approximately correct it appears likely that the water distribution volume includes the entire alveolar-capillary membrane. Clearly, it does not include all lung water. The latter is more nearly approached by the total lung tissue volume measurement of Cander and Forster. 14 subjects of about 650 ml and values for water distribution volume are in the range of 200 ml is consistent with this conclusion.
If tritiated water reaches the alveolar gas surface in a liquid state it will interchange with water vapor in the alveolar gas at this tissue-air interface. However, the amount of tritiated water which could be present in four liters of air at 760 mm pressure and 37°C is less than 0.01% of the water present in the water distribution volume.
The gas distribution volume is a gas volume not previously subject to measurement from the capillary side of the alveolar-capillary membrane. It is a functional gas space in the lungs which is available to pulmonary capillary blood for diffusion of gas to and from alveoli. It is not dependent upon active ventilation of alveoli, but is dependent upon perfusion of alveoli. In normal subjects the gas distribution volume is similar in magnitude to the functional residual capacity, although its exact anatomical significance may not be defined. One may predict that any nonperfused portion of the functional residual capacity, as measured from the mouth by gas dilution, will be excluded from the gas distribution volume. Conversely, perfused but nonventilated portions of total thoracic gas volume, determined by plethysmographic methods, will be included in the gas distribution volume and excluded in the functional residual capacity measurement.
Whether the decrease in gas distribution volume has any specific relationship to the low total lung diffusing capacity for carbon monoxide in patients with restrictive ventilatory insufficiency is not clear. One is tempted to postulate that the decrease in the volume of gas in contact with perfusing lung capillaries would result in a decrease in the surface area for diffusion. However, alveolar gas volume alone does not determine the surface area for gas diffusion. The major determinant of the surface area for diffusion is the relationship of the number of ventilated alveoli that are in contact with patent capillaries. Theoretically, the gas distribution volume measured by this approach should include only alveolar gas which is actively perfused by capillary blood containing the indicator gas, and this is a reflection of the ratio of gas volume to capillary perfusion. Therefore, it seems likely that some correlation may exist between the gas distribution volume and total lung diffusing capacity as it relates to the available surface area for gas diffusion. However, more detailed studies of patients of this type, with particular emphasis on the membrane and capillary components of total lung diffusing capacity, will be necessary before such a postulate can be proved or disproved.
Summary
Simultaneous indicator dilution curves of albumin I' 3 ', tritiated water, and an inert gas are identical when the indicators do not traverse a capillary bed. When the same three indicators traverse the pulmonary capillaries before sampling, the shapes of the tritiated water and inert gas dilution curves are altered by movement of these two indicators into an extravascular water space and gas space respectively. The arithmetical difference between the distribution volumes of albumin P 3 ' and tritiated water measures a functional extravascular water space in the lungs. The difference between tritiated water and inert gas distribution volumes is a measure of a lung gas volume in contact with perfusing capillaries.
Pericapillary water distribution volume in normal dogs was found to be 4.2 ± 0.8 ml/kg and the gas distribution volume 24 ± 6 ml/kg. In normal human subjects the respective values were 1.1 ± 0.3 ml/cm height and 1.80 -0.28 liters/m 2 of body surface area. Changes in both gas and water distribution volumes were observed as a result of experimental pulmonary edema in dogs and in various forms of pulmonary disease in man.
